N-acetylglucosamine-1-P uridylyltransferase (GlcNAc1pUT) that catalyzes the final step of the hexosamine biosynthetic pathway and is conserved among, organisms, produces UDP-N-acetylglucosamine (UDP-GlcNAc), an essential sugar moiety involved in protein glycosylation and structural polymers, its biological function in plants remains unknown. In this study, two GlcNA.UT genes were characterized in Arabidopsis thaliana. The single mutants glcna.ut1 and glcna.ut2 revealed no obvious phenotype, but their homozygous double mutant was lethal, reflecting the functional redundancy of these genes in being essential for plant growth. Mutant plants, GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2, obtained from an F2-segregating population following reciprocal crosses of glcna.ut1 with glcna.ut2, displayed shorter siliques and fewer seed sets combined with impaired pollen viability and unfertilized ovules. Genetic analyses further demonstrated that the progeny of the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants, but not those of the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant plants, suffer from the aberrant transmission of (glcna.ut1 glcna.ut2) gametes. In parallel, cell biology analyses revealed a substantial defect in male gametophytes appearing during the late vacuolated or pollen mitosis I stages and that the female gametophyte is arrested during the uninucleate embryo sac stage in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants. Nevertheless, although the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant plants exhibited a normal transmission of (glcna.ut1 glcna.ut2) gametes and gametophytic development, the development of numerous embryos was arrested during the early globular stage within the embryo sacs. Collectively, despite having overlapping functions, the GlcNA.UT genes play an indispensable role in the unique mediation of gametogenesis and embryogenesis.
Introduction
N-Acetylglucosamine (GlcNAc) is the fundamental amino sugar residue in initiating N-glycan biosynthesis on the cytosolic side of the endoplasmic reticulum (Stanley et al. 2009 ). Furthermore, many cytosolic and nuclear proteins are O-glycosylated on Ser/Thr with a single GlcNAc residue; this type of modification is reversible and plays a role in protein stability, subcellular localization and protein-protein interactions (Hanover 2001, Wells and Hart 2003) . GlcNAc also serves as a sugar moiety in glycolipids (Raetz and Whitfield 2002) , glycosylphosphatidylinositol (GPI) anchor-linked protein synthesis (Hancock, 2004 ) and the yeast cell wall (chitin) (Carlos and Maia 1994) . UDP-GlcNAc, an active form of GlcNAc, is synthesized through the so-called hexosamine biosynthetic pathway (HBP) and is conserved across eukaryotes. The first step in this pathway is the transamination of fructose-6-phosphate (Fru-6-P) and glutamine into glucosamine-6-P (GlcN-6-P) and glutamate via a glutamine:Fru-6-P amidotransferase (Hassid et al. 1959 ). GlcN-6-P is subsequently N-acetylated by GlcN-6-P Nacetylase to N-acetylglucosamine-6-P (GlcNAc-6-P) followed by the conversion into GlcNAc-1-P via phospho-GlcNAc mutase. The final step is the formation of UDP-GlcNAc and PPi from the conversion of GlcNAc-1-P and UTP (Durand et al. 2008) catalyzed by N-acetylglucosamine-1-P uridylyltransferase (GlcNAc1pUT) (Yang et al. 2010) .
GlcNAc1pUT in some organisms, such as yeast, Drosophila and humans, is encoded by one gene. A null mutation of yeast UAP1 (or QRI1) is lethal (Mio et al. 1998) . The mutants of Drosophila UAP exhibit defects in dorsal closure and nervous system development (Schimmelpfeng et al. 2006) . Although humans have one AGX gene, this gene generates two alternative splice forms, AGX1 and AGX2, which differ by a 17 residue peptide (Wang-Gillam et al. 1998 ) and confer the ability for oligomeric assembly (Peneff et al. 2001) . Two UAPs in the red flour beetle (Tribolium castaneum) are important for development and survival but they differ in the regulation of the synthesis of cuticular or peritrophic matrix chitin (Arakane et al. 2011) . In mammals, high levels of glucose may increase glycolytic flux and stimulate the HBP. Increased HBP metabolites have been linked to insulin resistance in mammalian cells (Marshall et al. 1991 , McClain 2002 . However, studies of the role of the HBP in plants are still limited. In Arabidopsis, the exogenous application of GlcN reduces hypocotyl elongation and the accumulation of reactive oxygen species through a hexokinase-mediated pathway (Ju et al. 2009 ). Moreover, the mutation of glucosamine-6-P N-acetyltransferase (GNA) in Arabidopsis leads to growth defects at high temperatures (28 C), the accumulation of lignin, the reduction of UDPGlcNAc and the interruption of N-glycosylation (Nozaki et al. 2012) . In rice, the gna mutant exhibits a temperature-sensitive short-root phenotype and defects in glycosylated proteins (Jiang et al. 2005) . Although two Arabidopsis GlcNAc1pUTs have been identified and show multiple substrate specificity (Yang et al. 2010) , their biological function remains unknown.
In this study, the biological functions of these two Arabidopsis GlcNAc1pUTs, encoded by GlcNA.UT genes, were characterized through molecular, genetic and cellular approaches. The GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutants and iU1 double-stranded RNA interference (dsRNAi) lines exhibited defects in pollen and silique development. In agreement with these phenotypes, cellular analyses indicated that defects in the aberrant transmission of (glcna.ut1 glcna.ut2) gametes and in both male and female gametophytic development occur in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants. Nevertheless, despite normal gamete transmission and gametophytic development, the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant plants exhibited defects in numerous embryo development events during the early globular stage in the embryo sacs. Collectively, these two GlcNA.UT genes play essential roles in normal plant growth and development through the unique control of gametogenesis and embryogenesis and are most probably associated with the sporophytic effect.
Results
Isolation and characterization of the glcna.ut1 and glcna.ut2 mutants Two GlcNAc1pUTs, encoded by GlcNA.UT1 (At1g31070) and GlcNA.UT2 (At2g35020), were identified in Arabidopsis (Kotake et al. 2004 , Yang et al. 2010 , Kleczkowski et al. 2011 ). Both GlcNA.UT1 and GlcNA.UT2 contain 15 exons and 14 introns (Fig. 1A) . The full-length cDNAs of GlcNA.UT1 and GlcNA.UT2, respectively, are 1,812 and 1,830 bp long (Fig. 1A) and encode deduced polypeptides with 505 and 502 amino acids. The GlcNAc1pUT1 and GlcNAc1pUT2 proteins share 86% amino acid identity and contain two putative motifs for nucleotide binding (NB) and uridine binding (UB) (Yang et al. 2010) . To better understand the molecular basis and biological role of GlcNA.UT genes, a reverse genetic approach was performed. We requested T-DNA-inserted mutants (Alonso et al. 2003) from the Arabidopsis Biological Research Center (ABRC). Two mutant lines were obtained from each GlcNA.UT gene. The glcna.ut1-1 (SALK_068977) and glcna.ut1-2 (SALK_015841) mutants had a T-DNA insertion at exon 3 and intron 7, respectively (Fig. 1A , arrows in red). Reverse transcription-PCR (RT-PCR) further demonstrated that these two mutants exhibited undetectable levels of the GlcNA.UT1 transcript but near normal levels of the GlcNA.UT2 transcript (Fig. 1B) , suggesting that both of these mutants are knockout mutants. Similarly, two mutants, glcna.ut2-1 (SALK_150383) and glcna.ut2-2 (SALK_090658), were isolated and had a T-DNA insertion at intron 10 and exon 14, respectively (Fig. 1A, arrows in red) . The glcna.ut2-1 and glcna.ut2-2 mutants showed no GlcNA.UT2 transcript but near normal levels of the GlcNA.UT1 transcript (Fig. 1B ). However, a trace level of the short truncated transcript was conclusively observed in glcna.ut2-1 in the overexposed gel images ( Supplementary Fig. S1A ). Further cloning and sequencing revealed that this truncated transcript had a 78 bp deletion (77 bp in exon 10 and 1 bp in exon 11) and lacked amino acids 284-309. Thus, glcna.ut2-1 contained a truncated transcript, and glcna.ut2-2 was a knockout mutant.
A phenotypic comparison indicated that no obvious phenotype was observed between the glcna.ut1 and glcna.ut2 single mutants and the wild type ( Fig. 2A) . To investigate whether GlcNA.UT1 and GlcNA.UT2 share functional redundancy, we attempted to identify the glcna.ut1/glcna.ut1 glcna.ut2/ glcna.ut2 double mutant from an F 2 -segregating population that was derived from the crosses of glcna.ut1-1 with glcna.ut2-1 and glcna.ut1-2 with glcna.ut2-2. After genotyping 280 seedlings of the glcna.ut1-1Âglcna.ut2-1 F 2 progeny, we were unable to identify any homozygous double mutants. These data suggest that the double mutant is most probably lethal and that the GlcNA.UT1 and GlcNA.UT2 genes share redundant functions that are essential for plant growth and development.
GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 and glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutants exhibit differences in silique length and seed number
During the failure to isolate the glcna.ut1/glcna.ut1 glcna.ut2/ glcna.ut2 double mutants in the F 2 segregating population that was derived from the reciprocal crosses of glcna.ut1 and glcna.ut2, a short silique phenotype was observed in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants. However, similar to the glcna.ut1 and glcna.ut2 single mutants, the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants resembled the wild type with respect to plant size and silique length ( Fig.  2A-C) . These data indicate that in the single mutant glcna.ut1 background, one copy of the wild-type GlcNA.UT2 allele is sufficient to maintain normal silique growth, whereas in the single mutant glcna.ut2 background, one copy of the GlcNA.UT1 allele is not adequate for normal silique growth. Consistent with the short siliques that were observed in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutants, the total seed number per silique in these mutants was also greatly reduced (Fig. 2D) . The glcna.ut2-2 mutants exhibited a slight reduction in the seed number per silique but to a much lesser extent compared with the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutants. Thus, these data suggest that the short silique length is generally associated with a reduction in the total seed number. An analysis of the siliques of the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 plants demonstrated the presence of numerous unoccupied spaces, in which the ovules were small and white (Fig. 3A vs. B, arrowheads in red), suggesting that these ovules were probably unfertilized. In contrast, very few vacancies in the siliques of glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 (Fig. 3C, D) and Col-0 (Fig. 3A) plants were observed. Nevertheless, some seeds of the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 plants were pale green or yellow (Fig. 3C , arrowheads in white) and were slightly smaller in size than the normal developing seeds in the same silique or the wild type. These discolored seeds probably turned brown and shrunk (Fig. 3D , E) because we also observed brown and shrunk seeds together with the wild-type-like seeds in the later stage within the same silique. Notably, the percentage of the shrunken seeds per silique was 22% in the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 siliques and 23% in the glcna.ut1-2/ glcna.ut1-2 GlcNA.UT2/glcna.ut2-2 siliques (Fig. 3F) . These values are coincidently close to a quarter of the segregation ratio from their self-pollinated F 1 population, which, however, were considerably low in the GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 mutants (Fig. 3F) . The shrunken seeds in glcna.ut1-2/glcna.ut1-2 GlcNA.UT2/glcna.ut2-2 plants showed no germination (0%) compared with the wild-type-like seeds (98.4%) that were grown on the same individual plants (Fig. 3G) .
Genetic analysis reveals the unequal transmission of the glcna.ut gametes To investigate further the genetic relevance of GlcNA.UT1 and GlcNA.UT2, an analysis of segregation among the progeny of the self-pollinated glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 and GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants was conducted. Consistent with the above-mentioned results, not only the glcna.ut1/ glcna.ut1 GlcNA.UT2/glcna.ut2 but also the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 progeny population produced no glcna.ut1/glcna.ut1 glcna.ut2/glcna.ut2 double mutants in a total of 502 plants of self-pollinated populations (Table 1) , again suggesting that the function of GlcNA.UT is essential for plant survival in Arabidopsis. Based on the absence of glcna.ut1/glcna.ut1 glcna.ut2/ glcna.ut2 double mutants in the population, the remnant genotypes of the progeny that were derived from selfed GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 or glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 were analyzed. The glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 plants will presumably generate two types of gametes, i.e. (glcna.ut1 GlcNA.UT2) and (glcna.ut1 glcna.ut2), and, after self-pollination, will lead to two types of progeny, i.e. glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/GlcNA.UT2 and glcna.ut1-1/glcna.ut1-1 GlcNA. UT2/glcna.ut2-1, at expected ratios of 33% and 67%, respectively. As expected, a 66% segregation rate of identical parental genotype from the selfed glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/ glcna.ut2-1 occurred in the next segregating population (Table 1) . Similarly, 61% of the progeny of the self-pollinated glcna.ut1-2/glcna.ut1-2 GlcNA.UT2/glcna.ut2-2 plants produced genotypes that were identical to those of their parents. These observed values (66% and 61%) are very close to the expected 67%. Therefore, these data suggest that the transmission of the (glcna.ut1 glcna.ut2) gamete was unaffected in the self-pollinated glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants. However, in the progeny of the self-pollinated GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 plants, only 18% of the offspring had the same parental genotype, and an even lower ratio (8%) of parental genotypes was identified from the progeny of the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 plants ( Table 1) . These results suggest that a reduction of (glcna.ut1 glcna.ut2) co-transmission occurs in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants ( Table 1) . Furthermore, the distorted segregation rates in the selfed GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 progeny but not in the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 progeny indicate that the GlcNA.UT2 and GlcNA.UT1 alleles may contribute unequally to gametophytic development. Taken together, these results indicate that although GlcNA.UT1 and GlcNA.UT2 act redundantly in , and the average silique length was measured (C). The values in (C) are the mean ± SD of three independent experiments, each with n = 18. **P < 0.01, Student's t-test. After removal of Chl by ethanol, the average seed number per silique was calculated from the siliques at the fifth to eighth positions of the primary flower shoots (D) that were derived from (B) . The values in (D) are the mean ± SD of three independent experiments, each with n = 12. **P < 0.01, Student's t-test.
plant growth and development, they contribute unequally through gametophytic transmission.
To examine further the possibility of transmission failure through the male and/or the female, the wild type was reciprocally crossed with GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 and glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants. In the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants, the anthers will theoretically produce gametes with genotypes of either (GlcNA.UT1 glcna.ut2) or (glcna.ut1 glcna.ut2). If the gametophytes are transmitted normally, the reciprocal crosses of the wild type (Col-0) with the GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 plants will be expected to yield two types of F 1 Fig. 3 Degeneration of seed development in the siliques of the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutants. (A and B) Developing seeds on greening siliques were derived from the wild-type (A) or from the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 (B) plants. The plants were grown in soil for 38 d. The arrowheads in red indicate the unfertilized ovules. (C-E) The various developmental stages of the seeds in the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 mutant siliques. The plants were grown in soil for 38 d (C and D) or 57 d (E). The shrunken or discolored seeds are indicated by white arrowheads. (F) Yellow siliques at the third to eighth positions of the primary flower shoots on the 57-day-old plants were harvested, and the ratio of shrunken to normal seeds was calculated using a dissection microscope. The values are the mean ± SD of two independent experiments, each with siliques (n = 8) from two plants. **P < 0.01, Student's t-test. Scale bar = 1 mm. (G) Germination of wild-type-like and shrunken seeds of glcna.ut1-2/glcna.ut1-2 GlcNA.UT2/glcna.ut2-2. Seeds were grown on medium for 1 week. The values are the mean ± SD of three independent experiments, each with 42-52 seeds. Scale bar = 1 cm. a Parent genotypes are as indicated. After self-pollination, the resulting F 1 seeds were grown in soil and subjected to PCR genotyping.
b Expected values were based on the prediction that the mutant alleles are transmitted normally. c 2 values were calculated based on the expected prediction that the normal and mutant alleles are transmitted equally, with significant P-values indicative of abnormal transmission. NS, not significant. progeny, GlcNA.UT1/GlcNA.UT1 GlcNA.UT2/glcna.ut2 and GlcNA.UT1/glcna.ut1 GlcNA.UT2/glcna.ut2, each at a 50% frequency. Nevertheless, the genotyping results indicate that the frequency of heterozygous GlcNA.UT1/glcna.ut1 GlcNA.UT2/ glcna.ut2 in the F 1 profeny was far less than 50%, with a range from 3.4% to 23.7% ( Table 2 ). The GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 genotype as a male for pollen donors had the lowest heterozygosity in the resulting progeny (3.4% and 7%) ( Table 2 ). These data suggest that a decreased transmission of the (glcna.ut1 glcna.ut2) gamete occurs in the GlcNA.UT1/ glcna.ut1 glcna.ut2/glcna.ut2 mutants, particularly as pollen donors. In the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant, the gamete genotypes presumably were either (glcna.ut1 GlcNA.UT2) or (glcna.ut1 glcna.ut2). The reciprocal crosses of the wild type with glcna.ut1/glcna.ut1 GlcNA.UT2/ glcna.ut2 will theoretically produce GlcNA.UT1/glcna.ut1 GlcNA.UT2/glcna.ut2 and GlcNA.UT1/glcna.ut1 GlcNA.UT2/ GlcNA.UT2 in the F 1 progeny. As expected, the observed heterozygosity of GlcNA.UT1/glcna.ut1 GlcNA.UT2/glcna.ut2 in the F 1 progeny was approximately 50% (Table 2) . Thus, these data demonstrate that the (glcna.ut1 glcna.ut2) gametes, which were mostly aborted in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants, developed normally in the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants. In other words, a copy of a functional GlcNA.UT2 allele in the sporophytic tissue of the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 but not the GlcNA.UT1 allele of the GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 plants is sufficient to abolish the penetrance of gametophytic lethality. These data indicate the primary role of GlcNA.UT2 in the gametophytic development.
Male gametophytic development is interrupted in
GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants Our genetic data suggest that the co-transmission of the (glcna.ut1 glcna.ut2) alleles is impaired in the male and female gametophytes of the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants. To analyze further the defect in male gametophyte transmission that was observed in the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants, we first examined the pollen phenotype and viability. For the pollen phenotype, the mature pollen grains in opening flowers were examined by scanning electron microscopy (SEM). The shape of the pollen from the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 mutant resembled that of the wild type. However, numerous deformed pollen grains were observed in the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 mutant plants (Fig. 4A, B) . The frequencies of the deformed pollen grains in the wild type, GlcNA.UT1/ glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 and glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 were 5.2, 48.2 and 1.9%, respectively (Fig. 4C) . The ratio of the abnormal to normal pollen shape in GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 also fits the expected ratio of the (glcna.ut1 glcna.ut2) or (GlcNA.UT1 glcna.ut2) pollen genotype. This implies that the defective pollen gene contributes to the deformed pollen phenotype. However, in the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 plants, almost all of the pollen grains that were counted had a normal shape, indicating that the pollen phenotype and the pollen genotype are irrelevant. These results suggest that the GlcNA.UT genes function in both the gametophyte (pollen) and sporophyte (anther) to promote pollen development. Fluorescein diacetate (FDA) staining for pollen activity revealed Col-0 60/120 (50%) 51/120 (42.5%) 2.7 (NS) GlcNA.UT2/glcna.ut2-2 a The GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant genotype was determined by PCR genotyping. After reciprocal crosses, the resulting F 1 seeds were grown in soil and subjected to PCR genotyping. b Expected values were based on the prediction that the mutant alleles are transmitted normally. c 2 values were calculated based on the expected prediction that the normal and mutant alleles are transmitted equally, with significant P-values indicative of abnormal transmission. NS, not significant. no significant differences between the wild type and the glcna.ut1-1/glcna.ut1-1 GlcNA.UT2/glcna.ut2-1 mutant plants. Nevertheless, the mutants with the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 genotype produced viable pollen at only 63.2% of the rate of the wild type (Fig. 4B, D) . Notably, the unviable pollen grains normally had both shrunken and deformed phenotypes (Fig. 4A, B) .
To determine further the developmental stage of the initial pollen degeneration, a series of developmental stages of the anthers from the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 plants were examined by resin-embedded cross-sections ( Fig. 5A-D) . The Arabidopsis anther contains four locules in which the pollen grains differentiate, grow and develop to maturity. Pollen development is divided into 14 stages in Pollen viability. The pollen grains that were derived from (B) were stained with FDA, and the number of active pollen grains showing bright fluorescence was divided by the total pollen number. The values are the mean ± SD of two independent experiments, each with 155-500 pollen grains. **P < 0.01, Student's t-test.
Arabidopsis anthers (Sanders et al. 1999) . During developmental stage 7, the tetrads of the microspores were distributed within each locule and displayed a normal shape in both the wild type and the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 mutant plants (Fig. 5A) . After the tetrads were released into individual microscopes and became vacuolated during stage 9, the pollen grains remained normal (Fig. 5B) . However, during developmental stage 10 (during the initiation of tapetum degeneration or the thinner tapetum layer), the degenerated pollen grains became visible in the mutant plants (Fig. 5C,  arrows) . During the later stages of pollen development, the deformed shape of the pollen grains became more pronounced (Fig. 5D, arrows) . The deformed pollen grains, which were observed by transmission electron microscopy (TEM), showed no peripheral vesicles, fewer oil bodies and a slightly thicker intine in the mutant compared with the normal pollen Cross-sections of the mature pollen grains in the wild-type (E) and GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 mutant (F) plants. pv, peripheral vesicle; in, intine; ex, exine; ob, oil body; ba, baculum. grains within the same locule (Fig. 5E, F) . Moreover, the accumulation of droplet-like material was observed in the baculum of the exine compared with the normal pollen (Fig. 5F , right panel).
Arrest of male and female gametophytes in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants To investigate more closely during which stage the male gametophyte became dysfunctional, the pollen grains within the anthers at different developmental stages in the GlcNA.UT1/ glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 mutant plants were collected and stained with DAPI (4 0 ,6-diamidino-2-phenylindole) to visualize the nuclei (Fig. 6A-D) . In the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 anthers, the pollen grains showed indistinguishable nuclear staining patterns during the tetrad stage (Fig. 6A) . The nascent microspores that were released from tetrads showed similar one-nucleus staining (Fig. 6B) . Thereafter, the microspores proceeded to the first mitosis (pollen mitosis I; PMI) to generate dinucleate cellular gametophytes. During this stage, the differences between the pollen grains within the same anther were observed; the normal pollen grains contained one large vegetative nucleus and a small single generative nucleus, whereas the defective pollen grains remained in the uninucleate stage (Fig. 6C) . The latter indicates a failure or delay of PMI in the defective microspores. These differences became more pronounced between the mature trinucleate pollen grains (one vegetative nucleus and two generative nuclei) and the degenerated uninucleate pollen grains within the same anther (Fig. 6D) ; additionally, a substantial number of pollen grains had a deformed pollen shape and no DAPI staining during this stage (Fig. 6D, upper vs. lower panels) . Notably, the degenerated pollen grains were smaller than the wild-type pollen grains (Fig, 6C, D) . Thus, male gametogenesis was inhibited during the PMI stage, which corresponds to the tapetum degeneration being initiated or to a late vacuolated stage in the anthers of the GlcNA.UT1/glcna.ut1 glcna.ut2/ glcna.ut2 mutant plants (Fig. 5C ). Anthers at stage 12 (Sanders et al. 1999) were collected and pollen development stages were quantified. The wild type contained uni-, bi-and trinucleate types with 3.5, 10.6 and 85.9%, respectively. In contrast, the mature pollen grains in GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 contained uni-, bi-and trinucleate types with 39.3, 10.1 and 50.6%, respectively (Fig. 6K) . The mutant plants had one nucleus at an apparently higher frequency than did the wild-type plants. These data further support that male gametogenesis was delayed during the PMI stage in the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 mutant plants.
In parallel, to examine female gametogenesis, ovules during the female gametophyte 2 (FG2) to FG6 stages (Christensen et al. 1997) in the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 plants were cleared and observed via differential interference contrast (DIC) microscopy. In the wild-type flowers, the FG2 embryo sacs contained two nuclei that were divided from the first mitosis of the megaspore. However, in the GlcNA.UT1/ glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 plants, both two-nucleate (Fig. 6E) and one-nucleate (Fig. 6F ) cells within the ovules were observed in the same ovary. During the FG4 stage (Fig. 6G, H) , the wild-type-like ovules contained four-nucleate cells (Fig. 6G) , whereas the one-nucleate cells (Fig. 6H) were still observed in the embryo sacs within the same ovule. At the end of ovule development, wild-type-like ovules had an normal gametophytic development with a normal cellular constitution (three antipodal cell nuclei, one enlarged central cell nucleus, one egg cell nucleus and two synergid cell nuclei) (Fig. 6I) . However, the defective embryo sac contained one-nucleate cells (Fig. 6J) . To quantify the FG, flowers at developmental stage 12c (Smyth et al. 1990 , Christensen et al. 1997 were dissected and pistils were collected. At this stage, the embryo sacs in the pistils are typically at FG3-FG6 (Christensen et al. 1997 ).
In the Col-0 pistils, only a trace number of FG1 ovules (0.4%) was found. The FG2/3 stage occupied 7.3% of the total. Most ovules contained four nuclei (FG4; 50.4%) or more (FG5/FG6; 41.5%), indicating that the pistils were in the transition state between FG4 and FG5/6. However, approximately 40% FG1 ovules were observed in the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 pistils; the frequencies of FG2/3, FG4 and FG5/6 in this mutant were 22.3, 26.6 and 9.4%, respectively (Fig. 6L) . These results indicate that the delay in FG mitosis I occurs in the ovules of the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/glcna.ut2-1 plants. In contrast to the GlcNA.UT1/glcna.ut1-1 glcna.ut2-1/ glcna.ut2-1 plants, the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants revealed normal gamete transmission and gametophytic development (Tables 1 and 2), suggesting that GlcNA.UT2 might play a role in the sporophytic effect on FG development. Thus, as suggested in the deformed pollen ratio (Fig. 4C) , GlcNAc1pUTs could function gametophytically and sporophytically in gametophyte development.
Embryo development was disrupted during the early globular stage in the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant plants
In contrast to the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 plants, which exhibited defects in both male and female gametogenesis as previously mentioned, the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutant plants exhibited normal gametogenesis but showed effects on seed development (Fig. 3) . Thus, to detect further the defects in embryogenesis in these mutant seeds, we analyzed the seeds within the same siliques from different developmental stages, including the globular, heart, torpedo and maturity stages (Fig. 7A-J) in the glcna.ut1/ glcna.ut1 GlcNA.UT2/glcna.ut2 plants. During the globular stage, approximately 25% of the seeds showed developmental delays (Fig. 7A, B, K) . These delayed seeds contained 16-cell embryos and a shorter suspensor (Fig. 7B, D) , whereas the normal seeds had reached the end of the late globular stage with a long suspensor (Fig. 7A, C) . During the heart stage, developmentally delayed embryos were also observed, similar to those during the globular stage (Fig. 7E vs. F) . During the late torpedo stage, clearly visualizing the embryo became more difficult (Fig. 7G vs. H) ; during this stage, the seeds with developmentally delayed embryos began to turn pale green or Fig. 6 Developmental defects of gametophytes in GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 plants. (A-D) Defect in the male gametophytes. The pollen grains exhibited the developmental stages of tetrad (A), uninucleate (B), binucleate (C) and mature (D). The pollen that was isolated from the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 anthers was stained with DAPI and visualized under bright field (upper panel) or UV filter (low panel) microscopy. vn, vegetative nucleus; gn, generative nucleus; un, uninucleate; tn, trinucleate. (E-J) Defect in the female gametophytes. The embryo sacs were isolated from the GlcNA.UT1/glcna.ut1-2 glcna.ut2-2/glcna.ut2-2 pistils and then visualized under DIC microscopy. The nuclei are indicated by the arrowheads. (E, F) Two-and one-nuclei embryo sacs from the same pistil. (G, H) Four-and one-nuclei embryo sacs yellow, as previously described (Fig. 3C) . Remarkably, despite containing developmentally delayed embryos, these seeds continued to increase in size. During the mature stage, we were unable to observe embryos in these dysfunctional seeds (Fig.  7I vs. J), and these seeds began to become brown and shrunken (Fig. 3D, E) . To quantify further the embryonic stages, the siliques at a similar stage (7 d after pollination) were harvested and the embryonic stages were examined in these siliques. The majority of seeds obtained from the wild type (n = 336) were at the heart stage (68.8%) and some were at the torpedo stage (27.4%). The globular stage in wild-type plants accounted for only 3.9% of the total seeds. In contrast, approximately 24.4% globular embryos were found in the seeds of the glcna.ut1-1/glcna.ut1-1
GlcNA.UT2/glcna.ut2-1 plants (n = 361). The heart and torpedo stages in the mutant represented 58.7% and 16.9% of seeds, respectively (Fig. 7K) . These results suggested that nearly 25% of the embryos in the globular stage were delayed in developing into the heart stage. Together with the above-mentioned data ( Fig. 3C-E) , the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants were able to produce functional gametophytes and to undergo normal fertilization, but development of a quarter of embryos was arrested during the very early globular stage. These data are coincident with the ratio of shrunken seeds in Fig. 3F , which suggests that the degenerated embryos are the glcna.ut1/ glcna.ut1 glcna.ut2/glcna.ut2 double mutants. The homozygous glcna.ut2/glcna.ut2 single mutants expressing the GlcNA.UT1 dsRNAi transgene show interrupted silique and seed development, a phenotype that is similar to that of the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants
To study further the physiological role of GlcNA.UT genes and to confirm that GlcNA.UT2 is the predominant GlcNA.UT gene for silique length and seed development, transgenic plants expressing the dsRNAi transgene were generated. The GlcNA.UT1 dsRNAi constructs were transformed into the glcna.ut2-1 single mutant and vice versa. The homozygous glcna.ut2-1 single mutant plants expressing the GlcNA.UT1 dsRNAi transgene were designated as iU1 transgenic lines; similarly, the homozygous glcna.ut1-1 single mutant plants expressing the GlcNA.UT2 dsRNAi transgene were denoted as iU2 transgenic lines. The iU1 transgenic lines, such as iU1-3, -24 and -52, in the glcna.ut2-1 mutant background had low levels of GlcNA.UT1 transcript as determined by RT-PCR and quantitative real-time RT-PCR ( Supplementary Fig. S2A, B) . Similarly, the iU2 transgenic plants, such as iU2-17, in the glcna.ut1 mutant background had low levels of GlcNA.UT2 transcript compared with the wild type ( Supplementary Fig. S2A ). These data suggest that the corresponding endogenous gene transcripts of these dsRNAi lines are functionally knocked down. Furthermore, a phenotypic comparison indicated that the iU1 transgenic lines, such as iU1-3 and iU1-24, exhibited a shorter silique length, whereas the iU2 lines, such as iU2-17 and iU2-26, exhibited a silique length close to that of the wild type ( Supplementary Fig. S2C, D) . These data also provide evidence that GlcNA.UT2 plays a more important role than GlcNA.UT1 in terms of silique development. The further examination of the total seed number per silique revealed a severe reduction of the total seed number in the iU1 lines but not in the iU2 lines ( Supplementary Fig. S2E ). Although the iU2-26 silique length was approximately 3.3% longer than that of the wild type, the total seed number per silique was approximately 8.0% greater than that of the wild type. These discrepancies were very minor. In general, these data support the positive relationship between the silique length and seed number. Similarly, the dsRNAi line iU1-3 showed numerous deformed and unviable pollen grains when examined by SEM and FDA staining, respectively ( Supplementary Fig. S3 ). The quantitative data indicate that the iU1-3 transgenic pollen grains contained approximately 69.5% of the viability of the wild-type level ( Supplementary Fig. S3C ). Together, these data indicate that the phenotypes of the iU1 dsRNAi lines generally agree with those of the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutants and those of the iU2 lines are similar to those of the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 mutants.
GlcNA.UT genes are specifically expressed in the stipules, root tips and pollen grains
To illustrate the function of GlcNA.UTs in specific plant tissues, we examined the spatio-temporal expression of GlcNA.UT genes. Transgenic plants expressing the pGlcNA.UT1::-glucouronidase (GUS) transgene, which is driven by the GlcNA.UT1 native promoter with 3,105 bp lying upstream of the ATG start codon, were generated. GUS signal staining revealed that GlcNA.UT1 was specifically expressed in the stipules, root tips and mature pollen grains (Fig. 8A-D) . Similarly, transgenic plants expressing the pGlcNA.UT2::GUS transgene, driven by the GlcNA.UT2 native promoter with 913 bp upstream of the ATG start codon, expressed GlcNA.UT2 primarily in the stipules, root tips and lateral root primordia, with a weak signal in immature anthers (Fig. 8E-I ). In addition, the GUS staining signal was also observed in the branching points of the flowering shoots (Fig.  8H, arrows) . These data suggest that GlcNA.UT1 and GlcNA.UT2 have an overlapping expression pattern, including in the stipules and root tips. The GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 showed FG1 arrest in the ovules, but GUS staining revealed no significant signal in the pistils of plants. The GUS constructs used in this study only contained GlcNA.UT promoters, which may neglect the potential effects of introns and the 3 0 -untranslated region. In addition, it is possible that the expression of both GlcNA.UT1 and GlcNA.UT2 is too low to be detected by GUS staining in transgenic plants expressing GlcNA.UT::GUS transgenes. Furthermore, by selecting anthers at different developmental stages (from flower stages 7-9, 10/11 and 12/13), the expression patterns of GlcNA.UT1 and GlcNA.UT2 were tested by quantitative real-time PCR (qRT-PCR) ( Supplementary Fig. S4A ). GlcNA.UT1 was expressed at a high level in the mature anthers and at a low level in the early stage of anthers. In contrast, the expression level of GlcNA.UT2 was high in the immature anthers and low in the mature anthers. Thus, these expression patterns support our GUS staining data. Consistent results were also observed by search of the Arabidopsis microarray database from the eFP Brower (http://bar.utoronto.ca; Winter et al. 2007 ), which showed that GlcNA.UT1 is primarily expressed at the later stages of stamens or pollen grains, whereas GlcNA.UT2 is expressed at early stages ( Supplementary Fig. S4B, C) . These data support that differential expression of GlcNA.UT1 and GlcNA.UT2 occurred during flower development.
Discussion

GlcNAc1pUTs uniquely control gametogenesis and embryogenesis in Arabidopsis
Several genes that encode stepwise enzymatic proteins that are involved in the HBP have been studied in Arabidopsis. For example, the ectopic expression of Escherichia coli glucosamine-6-P deaminase (NagB) in Arabidopsis to scavenge endogenous glucosamine produces transgenic plants that are tolerant to oxidative stress (Chu et al. 2010) . Furthermore, GNA functions in temperature sensitivity and lignin accumulation in Arabidopsis (Nozaki et al. 2012) . Similarly, a mutation of GNA in rice confers a temperature-sensitive short-root phenotype (Jiang et al. 2005) . Thus, defects that are caused by the mutation or ectopic expression of HBP-related genes lead to plant phenotypes that are distinct from those of the wild type under normal growth or stress conditions. These data implicate gene-specific functions, in addition to their biochemical reactions in the production of HBP metabolites. In this study, we demonstrate that the single glcna.ut1 and glcna.ut2 mutants displayed no obvious phenotype but that the double mutant glcna.ut1/glcna.ut1 glcna.ut2/glcna.ut2 was lethal ( Fig. 2; Tables 1, 2) , indicating the essential and redundant functions of GlcNA.UT1 and GlcNA.UT2 in Arabidopsis. The T-DNA insertion mutant Atgna has also been reported to yield no homozygous offspring, and no mutant with a complete block of the UDP-GlcNAc pathway or the HBP has been obtained (Riegler et al. 2012) . These results are consistent with previous observations that demonstrated lethality in knockout mutants in yeast, animals and plants (Mio et al. 1998 , Mok et al. 2005 , Milewski et al. 2006 , Schimmelpfeng et al. 2006 .
In addition, the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 mutant plants exhibited the aberrant transmission of the (glcna.ut1 glcna.ut2) gametes to the next generation through defects in both the male and female gametophytes, but the same mutant gamete (glcna.ut1 glcna.ut2) that was generated by the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants was successfully co-transmitted through both the male and female gametophytes (Tables 1, 2 ). The only difference between these two gametes, which were derived from glcna.ut1/ glcna.ut1 GlcNA.UT2/glcna.ut2 and GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2, was the different genotypes of the sporophytic tissues. Therefore, the viability of the (glcna.ut1 glcna.ut2) gametophyte is dependent on the genotype of the sporophytic tissue. In other words, one functional copy of GlcNA.UT1 in the sporophytic tissue of GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 is not adequate to maintain the normal development of both the male and female gametophytes. In contrast, one functional copy of GlcNA.UT2 in the sporophytic tissue of glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 is sufficient for both male and female gametophytic development, even though the gametes contain a null function of both of the mutant alleles, i.e. (glcna.ut1 glcna.ut2) in this case.
Despite the normal development of the male and female gametophytes in glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2, these mutants produced degenerated seeds with embryonic arrest during the early globular stage. These degenerated seeds in the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 siliques are presumably the homozygous glcna.ut1/glcna.ut1 glcna.ut2/ glcna.ut2 double mutants because no homozygous glcna.ut1/ glcna.ut1 glcna.ut2/glcna.ut2 double mutants were identified in the selfed progeny. Moreover, the ratio of shrunken to normal seeds was approximately 25% (Fig. 3F) , a value that is close to the expected segregation of the homozygous glcna.ut1/ glcna.ut1 glcna.ut2/glcna.ut2 double mutants in the self-pollinated glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2. Thus, GlcNA.UT1 and GlcNA.UT2 exert an effect on both embryogenesis and gametogenesis, and eventually neither of these genes produces a homozygous glcna.ut1/glcna.ut1 glcna.ut2/glcna.ut2 double mutant. In addition to the glcna.ut1/glcna.ut1 GlcNA.UT2/ glcna.ut2 siliques showing approximately 25% shrunken seeds, a small number (approximately 2-3%) of shrunken seeds in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 were observed (Fig.  3F) . This result suggests that the loss of function of both the GlcNA.UT1 and GlcNA.UT2 alleles was presumably lethal during embryo development in both the GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 and glcna.ut1/glcna.ut1 GlcNA.UT2/ glcna.ut2 plants. Despite the gametophytic disorder in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2, the isolation of GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 from the remaining F 2 progeny or its selfed segregating population was scarce but consistent. This result indicates that in addition to the GlcNA.UT2 allele sustaining the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 embryos, the GlcNA.UT1 allele also functions in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 subsistence, albeit to a much lesser extent. This discrepancy might imply that the 'metabolic supplementation', which was proposed by Bonhomme et al. (1998) , may provide a role in sustaining the haploid (glcna.ut1 glcna.ut2) gametes in glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2, but it is not sufficient for the development of glcna.ut1/glcna.ut1 glcna.ut2/glcna.ut2 embryos regardless of the background genotype (either GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2 or glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2). Because the gametophytes are tightly connected to other (sporophytic) tissues, an essential gene or its products from maternal tissue can supply metabolites for gamete development and counteract the effect of the mutant gametes (Bonhomme et al. 1998) . A similar explanation has also been proposed to explain the phenotypes of several mutants, such as secret agent (sec) and spindly (spy) (Hartweck et al. 2002) . Thus, 'metabolic supplementation' could account for the paucity of gametophytic lethality. To date, numerous gametophyte mutants have been identified through the genetic screening of reduced seed sets, segregation distortion and abnormal pollen morphology (Chen and McCormick 1996 , Bonhomme et al. 1998 , Howden et al. 1998 , Grini et al. 1999 , Drews and Yadegari 2002 , Lalanne et al. 2004 , McCormick 2004 . Of these identified mutants, most exhibit defects in either male or female gametophytes; few mutants exhibit defects in both (Liu and Qu 2008) . It is a rare find in this study that the GlcNA.UT1 and GlcNA.UT2 homologs uniquely control both gametogenesis and embryogenesis.
Possible mechanisms by which GlcNAc1pUT1 and GlcNAc1pUT2 differentially regulate gametophytic development
In other organisms, such as yeast (Mio et al. 1998) , Drosophila (Schimmelpfeng et al. 2006 ) and humans (Wang-Gillam et al. 1998) , GlcNAc1pUT is usually encoded by a single gene in the HBP. However, in Arabidopsis, this step is executed by two GlcNAc1pUTs based on sequence similarity, structural comparison and biochemistry experiments (Yang et al. 2010) . In this study, GlcNA.UT1 and GlcNA.UT2 contributed unequally to gametogenesis. Speculations on the discrepancies between GlcNAc1pUT1 and GlcNAc1pUT2 in gametogenesis were based on the following assumptions. First, GlcNA.UT1 and GlcNA.UT2 have partially overlapping functions in enzymatic reactions. GlcNAc1pUT2 shares 86% amino acid sequence identity with GlcNAc1pUT1, and a comparison of their sequences showed similar folds, except for some variations in certain loop regions (Yang et al. 2010 ). GlcNAc1pUT2 has a broader substrate specificity than GlcNAc1pUT1. For example, in addition to GlcNAc-1-P and GalNAc-1-P, GlcNAc1pUT2 can also convert Glc-1-P into corresponding UDP-sugars (Yang et al. 2010) , suggesting subtle changes between GlcNAc1pUT1 and GlcNAc1pUT2. Yeast UAP1/QRI1 can also use Glc-1-P as a substrate and can form UDP-Glc (Mio et al. 1998 ), similar to Arabidopsis GlcNAc1pUT2. Similarly, the human AGX1 is more specific for hexosamines and has both GlcNAc-1-p uridyltransferase (UT) and GalNAc-1-p UT activities, similar to Arabidopsis GlcNAc1pUT1 (Peneff et al. 2001) . These subtle differences might contribute a differential effect on gametophytic development. Secondly, the dosage effect between GlcNA.UT1 and GlcNA.UT2 influences the expression levels or their protein enzymatic activities. In this study, a single GlcNA.UT1 allele is unable to support gametophytic development in GlcNA.UT1/glcna.ut1 glcna.ut2/glcna.ut2, yet a GlcNA.UT2 allele alone is sufficient to provide normal gametogenesis in the glcna.ut1/glcna.ut1 GlcNA.UT2/glcna.ut2 plants. It is likely that parents with a single copy of a normal GlcNA.UT2 allele might provide more GlcNAc1pUTase activity or its products to support gametogenesis, thereby reducing the penetrance of the lethal phenotype through the gametophyte. Thirdly, the tissue expression specificity of GlcNA.UT genes determines the success of gametogenesis. Transgenic plants expressing the pGlcNA.UT::GUS transgene showed overlapping but different expression patterns between GlcNA.UT1 and GlcNA.UT2 based on the GUS staining results. For example, GlcNA.UT1 was expressed in mature pollen grains but GlcNA.UT2 was expressed in the immature anthers ( Fig. 8;  Supplementary Fig. S4 ). During gametogenesis, the precise expression with respective to timing and location is pivotal for gametophytic development. A lack of the proper expression of GlcNA.UT at certain times or in certain tissues may lead to the failure of gametogenesis. Thus, GlcNA.UT2 expression in immature pollen grains might exert a greater effect on gametogenesis than GlcNA.UT1 expression in the mature pollen grain.
Effect of UDP-GlcNAc and its associated products on plant growth and development UDP-GlcNAc is involved in the generation of glycoproteins and glycolipids and is an initial sugar donor for N-glycosylation, O-glycosylation, GPI anchors and O-GlcNAcylation. Mutations in the HBP, such as gna1 mutants in Arabidopsis and rice (Jiang et al. 2005 , Nozaki et al. 2012 , show reduced levels of endogenous UDP-GlcNAc content and impairment of protein N-glycosylation (in rice and Arabidopsis) and O-GlcNAcylation (in rice). However, no gametophyte and seed phenotypes have been reported in the Atgna1 and Osgna1 mutants. This is most probably because these mutants are conditional mutants, which may have only minor effects on gametophytes and seed phenotypes. N-Glycosylation is essential for the protein folding, targeting and function of secreted proteins. Mutants disrupted in N-glycosylation biosynthesis demonstrate reproductive disorders and embryonic lethality (reviewed in Pattison and Amtmann, 2008) . The O-GlcNAc modification of cytosolic and nuclear proteins is believed to be important for protein activity and targeting. The transfer of a single GlcNAc residue to a protein is catalyzed by O-GlcNAc transferases (OGTs), which are required during gametogenesis and embryogenesis (Hartweck et al. 2002) . GlcNAc is also involved in the generation of GPI anchors. In mutants that are defective in GPI anchor synthesis, pollen is less viable, embryos develop abnormally and the seedlings are eventually lethal (Gillmore et al. 2005) . Mutations in two genes, SETH1 and SETH2, whose products are involved in components of the GPI-N-acetylglucosaminyltransferase complex, affect pollen germination and growth in Arabidopsis (Lalanne et al. 2004) . Arabinogalactan proteins (AGPs), a class of heavily glycosylated cell wall proteins, are known to be modified by the addition of a GPI anchor (Youl et al., 1998) . AGPs are believed to play roles in growth and differentiation. AGP18, a classical AGP, has been demonstrated to mediate megaspore selection in Arabidopsis (Demesa-Arévalo and Vielle-Calzada 2013). In addition to N-glycosylation and O-GlcNAcylation, GPI anchor proteins and Arabinogalactan proteins are reported to function in gametogenesis and/or embryogenesis. Although no direct evidence has linked UDP-GlcNAc with the phenotypes observed in the glcna.ut mutants, it will be interesting to study UDP-GlcNAc levels and protein glycosylation states (especially in N-glycosylation and O-GlcNAclyation) in the future to better understand the biological roles of the GlcNAc1pUT proteins.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia (Col-0) was used in this study. All of the seeds were sterilized and subjected to cold treatment in the dark for 3 d, followed by planting the seeds on agar plates as the first day of germination. The medium that was used in this study is composed of half-strength Murashige and Skoog (MS) basal salts, B5 organic compounds (Gamborg, 1968) and 0.05% MES. Unless stated otherwise, the medium was supplemented with 1% sucrose (Suc). The seeds on the agar plates or in the soil were germinated at 22 C under a 16 h/8 h light/dark photoperiod with a light intensity of approximately 80 mmol m À2 s
À1
.
Isolation of the mutants and transgenic plants
The T-DNA-inserted mutants that were used in this study were requested from the ABRC. These SALK line mutants (Alonso et al. 2003) included glcna.ut1-1 (SALK_068977), glcna.ut1-2 (SALK_015841), glcna.ut2-1 (SALK_150383) and glcna.ut2-2 (SALK_090658). The T-DNA insertion sites in these mutants were verified by PCR. For the dsRNAi constructs, the sense and antisense cDNA strands, lying 50-335 bp downstream of the ATG start codon of GlcNA.UT1, were amplified by RT-PCR and fused to the 5 0 end and 3 0 end, respectively, of the Chs A intron (petunia Chalcone synthase A gene) in the pFGC5941 vector, which was provided by the ABRC. This dsRNAi construct was confirmed by PCR and sequencing prior to being transformed into the glcna.ut2-1 mutant plants by the Agrobacterium-mediated floral dip approach (Clough and Bent 1998) .
Similarly, the sense and antisense cDNA strands, which were located 35-313 bp downstream of the ATG start codon of GlcNA.UT2, were ligated into the pFGC5941 vector, followed by transformation of this construct into the glcna.ut1-1 mutant plants. At least 10 dsRNAi lines were obtained from each construct. As these dsRNAi lines showed similar phenotypes within a construct, two or three homozygous dsRNAi lines from each construct were randomly selected for further study. For the tissue-specific expression, the GlcNA.UT1 and GlcNA.UT2 promoters, lying 3,105 and 913 bp upstream of the ATG start codon, respectively, were amplified by PCR and fused to a GUS coding region to generate pGlcNA.UT1::GUS and pGlcNA.UT2::GUS in the pGWB433 (Nakagawa et al. 2007 ) and pSMAB704 vectors, respectively. At least 10 transgenic plants were obtained from each construct. Three to five individual homozygous transgenic plants from each construct were stained with the GUS substrate X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronide) as previously described (Hwang et al. 2012) , and consistent results were obtained.
Morphological analyses of the pollen grains and anthers
To analyze the pollen morphology, the anthers of the opening flowers were dissected and loaded on a stub. The samples were frozen in a liquid nitrogen slush and then transferred to a sample preparation chamber at À160 C. After 5 min, the temperature was increased to À85 C and the samples were sublimed for 10-15 min. After coating with gold at À130 C, the samples were transferred to a cryo stage in an SEM chamber and observed at À160 C in a cryo scanning electron microscope (FEI Quanta 200 SEM/Quorum Cryo System PP2000TR FEI).
For the ultrastructural analyses, anthers at different developmental stages were cut from the unopened flowers. The samples were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.0, at room temperature for 4 h. After three rinses with buffer, each for 20 min, the samples were post-fixed in 1% OsO 4 in the sample buffer for 4 h at room temperature and then rinsed three times with buffer. The samples were dehydrated through an acetone series, embedded in Spurr's resin and sectioned using an ultramicrotome at a 70-90 or 800 nm thickness. The ultra-thin sections (70-90 nm) were stained with uranyl acetate and lead citrate and were visualized using a Philips CM 100 transmission electron microscope. The 800 nm thick sections were stained with toluidine blue and then visualized under light microscopy.
RT-PCR and quantitative real-time PCR
Total RNA was extracted from the seedlings of the wild-type (Col-0), glcna.ut mutant and dsRNAi plants, which were grown on 1% Suc agar plates for 11 d using the RNeasy Plant Mini Kit (Qiagen). The total RNA was treated with DNase I (Qiagen), and then 2 mg of the total RNA was reverse-transcribed with 0.5 mg of an oligo(dT) primer using Superscript II Reverse Transcriptase (Invitrogen) to generate cDNA. For RT-PCR, 250 ng of cDNA from each genotype was used in each 50 ml PCR. The primer pairs are listed in Supplementary  Table S1 . The PCR program included denaturation at 94 C for 3 min and then 32 cycles of the following conditions: 94 C for 15 s, 60 C for 15 s, 72 C for 1.5 min, and a final 72 C for 2 min. A 10 ml aliquot of each PCR product was visualized in a 1.2% agarose gel. qRT-PCR was performed using the Power SYBR Õ Green PCR Master Mix (Applied Biosystems) in an Applied Biosystems Õ 7500 Real-Time PCR System. The Primer Express v. 2.0 software (Applied Biosystems) was used to design the primers for the qRT-PCR (Supplementary Table S1 ). The relative transcript levels were determined by the comparative threshold cycle (C T ) method or standard curve method using AtUBQ10 or At4g33380 (Czechowski et al. 2005) as an endogenous control. Unless stated otherwise, three technical and three biological replicates were conducted in every experiment.
Histological analyses of female gametophytes and embryos
Flowers and siliques from various developmental stages were fixed with an ethanol : acetic acid (9 : 1, v/v) solution overnight, followed by two washes with 90% ethanol and 70% ethanol, respectively. Subsequently, flowers and siliques were cleared with a chloral hydrate : glycerol : water solution (8 : 1 : 2, w/v/v) for at least 4 h, and then the female gametophytes and seeds were dissected prior to be observed. Samples were observed using a Zeiss Axio Imager microscope (Carl Zeiss) under DIC optics.
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